Omnidirectional MAVs are a growing field, with demonstrated advantages for aerial interaction and uninhibited observation. While systems with complete pose omnidirectionality and high hover efficiency have been developed independently, a robust system that combines the two has not been demonstrated to date. This paper presents VoliroX: a novel omnidirectional vehicle that can exert a wrench in any orientation while maintaining efficient flight configurations. The system design is presented, and a 6 DOF geometric control that is robust to singularities. Flight experiments further demonstrate and verify its capabilities.
Introduction
Traditional rotary micro aerial vehicles (MAVs) are underactuated, providing only 4 controllable degrees of freedom (DOFs) by nature of their aligned propeller axes. This can lead to unstable behavior when a force and torque are applied to such a system in flight. Omnidirectional MAVs allow for decoupling of the translational and rotational dynamics, permitting stable interaction with the environment in any pose. With the addition of complete pose omnidirectionality, the system can achieve uninhibited aerial movement and robust tracking of 6 DOF trajectories, a unique boon for aerial filming and 3D mapping, as well as configuration-based navigation in constrained environments.
A dominant struggle in the development of MAVs is achieving a good compromise between performance and efficiency. For aerial interaction and high dynamic control authority in omnidirectional flight, performance can be represented by the force and torque control volumes of a system. For pose-omnidirectional platforms, the force envelope must exceed gravity in all directions with an additional buffer to maintain dynamic movement. Countering this performance goal is the desire for high efficiency and longer flight times, which is compromised in systems that generate high internal forces (thrust forces which counteract each other), or add additional weight for actuation.
Problem Statement: This paper presents a novel platform that achieves both force-and pose-omnidirectionality with highly dynamic capabilities, while maintaining high efficiency in hover, by nature of its six actuated tilt arms. Experimental results demonstrate that the additional complexity and weight of the tilt-arm configuration are justified by the system's performance.
Related Work: Within the past 5 years, huge growth has occurred in the field of fully actuated omnidirectional MAVs. These works can be generally categorized as fixedly tilted rotor platforms, and tilt-arm rotor unit platforms. By its design, a platform with fixedly tilted rotors that is able to generate a significant wrench on the environment creates a proportionately significant amount of internal force, which directly detracts from flight efficiency [1] [2] [3] [4] .
Tilt-arm platforms can achieve optimal hover efficiency in the absence of external disturbances, when all propeller thrust vectors are aligned against gravity. This has been demonstrated in the form of a quadrotor [5, 6] with limited roll and pitch, and also in the form of a hexarotor, with our platform's predecessor Voliro [7] , which is limited by low thrust and singularity issues in certain configurations. These platforms achieve force omnidirectionality with high hover efficiency at the cost of additional complexity, weight, and inertia. An intersection of the two concepts which couples the tilt axes to a single motor has also been evaluated in simulation [8] , enabling efficient flight, but without pose omnidirectionality. This paper presents the VoliroX platform: a 12 rotor MAV with 6 tiltable arms, shown in Figure 1 (a). The system layout consists of equally spaced arms along the z b -plane, with two rotors per arm to balance the rotational inertia. Two KDE2315XF-885 motors per arm with 9in propellers also provide high thrust (13.7N per motor), enabling dynamic flight even in the least efficient configurations. The arm is tilted by a Dynamixel XL430 servo actuator, located in the base to reduce system inertia. Upper and lower propellers counter-rotate such that drag torque from the propellers is canceled in the nominal case, and can be controlled by varying the relative inputs to the rotors. Moreover, the counter-rotating propeller configuration minimizes the gyroscopic moment on the tilting mechanism, allowing the use of a small Dynamixel servo. An onboard Intel NUC i7 manages higher level computation and communication tasks, while the combined position and attitude controller operates on a PX4 flight controller.
Technical Approach
The system is powered by two 3800 mAh 6s LiPo batteries, and can be tethered for the case of near-horizontal endurance flights. The total system mass is 4kg, and it can generate 150N of force at maximum thrust in the horizontal hover configuration.
Coordinate systems for the platform are described in Figure 1 (b), with the body-fixed coordinate frame x b , y b , z b , and definitions of the fixed arm spacing angles γ i and tilting angles α i .
System Dynamics and Control
The following assumptions are adopted to simplify the model:
• The body structure is rigid and symmetric. • Thrust and drag torques are proportional to the square of rotors speed, and rotors are are able to achieve desired speeds ω i with negligible transients. • The primary axes of the system correspond with the principal axes of inertia. • The dynamics of the tilt motors are independent of the rotational speed of rotors. • The thrust and drag torques produced by each rotor are independent, i.e.
there is no airflow interference.
The system dynamics are derived by the Newton-Euler approach under the stated assumptions, resulting in the following equations of motion expressed in the body-fixed frame:
where F b and τ b are the total forces and torques on the system,ẋ b andẋ b are velocity and acceleration of the origin, and ω b is the angular body velocity, and m and J b are the mass and inertia, where subscript b denotes quantities expressed in the body-fixed frame. Trajectory tracking on SE(3) is used to guarantee local exponential stability [9] , and has been extended to the omnidirectional case [10] . The control allocation presented here is an extension of [5, 7] , a nonlinear function of tilt angles α i . The force allocation matrix mapping propeller thrust and torques to the net body force and torque is defined as A α , and can be thought of as the instantaneous allocation matrix, since it does not depend on any delay in response of the tilting motors. One can take advantage of the fact that all entries in A α are linear combinations of sin(α i ) and cos(α i ), and extract them to give a simplified allocation matrix A. The result vector u has 4 values for each tilt arm, with upper rotors j ∈ {1...6} and lower rotors {7...12}. For a system with 6 arms spaced evenly around the z b -axis at rotation angles γ i , with arm length l x , rotor spin direction s j , and thrust and drag coefficients c f and c d :
where Ω i is the square of the rotor velocity ω i , and is always chosen to be positive with the proposed allocation method. A control law for the system is derived from (2) using the Moore-Penrose pseudo-inverse of the force allocation matrix A to compute the actuator commands from a desired 6 DOF wrench [F d τ d ] expressed in the body-fixed frame:
The desired forces and torques on the system are expressed as
and are based on the equations of motion described in (1), with accelerations taken as a combination of position and velocity errors multiplied by tuned gain values. To compensate for a center of mass offset x com , a counter-torque is added to the desired torque equation. In (4), R ∈ SO (3) is the rotation matrix from the body-fixed frame to the inertial frame, g is the gravity vector along the inertial frame z-axis, and k p , k v , k R , and k ω , are positive constant gains on position, velocity, rotation, and angular rate errors. Errors are expressed in the inertial frame relative to set point values with subscript sp , with angular error terms defined in (5) according to [9] .
To extract α i values from the result vector u, each pair of rows is summed, and the trigonomic identity θ = atan2(sin(θ), cos(θ)) is used. The resulting α i values are then limited according toα max . To extract Ω i values, consider the identity sin 2 (θ) + cos 2 (θ) = 1, to obtain the solution as follows:
Notice that the solution in (6) projects the desired force onto the best achievable tilt angle. If the direction of desired force would require an inversion of the propeller, the corresponding Ω i is then set to zero, permitting only positive thrust values.
Thrust values for individual motors have been computed based on test results of a double-rotor propeller group on an RCbenchmark test stand, to measure the rotor z pi -axis thrust and torque. Thrust and torque values are correlated linearly with pulse-width modulation (PWM) commands sent to the rotors' electronic speed controllers (ESCs). To remain in a thrust region that maintains a good linear approximation, and to reduce the risk of overheating, the maximum output of the rotors is limited to 80%, which corresponds with a thrust of 20 N for each double rotor unit. Using this test data, maximum achievable force and torque envelopes of the system can be determined by feeding commands forward through the allocation matrix (2) . The resulting plots for maximum force and torque envelopes are shown in Figure 2(a) . The force envelope is computed in the absence of torque, and vice versa. 
Singularity Handling
Omnidirectional wrench generation for the described vehicle encounters two types of singularity cases. The first case is where alignment of the propellers results in a rank reduction of the instantaneous allocation matrix A α , which corresponds to an ill-conditioned matrix (or high condition number). This rank reduction occurs when the desired force is either orthogonal to the body z bframe (rank is reduced to 4, no instantaneous force exertion along x b or y b axes is possible), and when the desired force lies in the z b -plane (rank is reduced to 5, no instantaneous force exertion is possible along z b ). This phenomenon is shown in Figure 2 The above mentioned kinematic singularities can be handled by identifying the case where the desired force vector comes within an angle ϕ t of the z baxis or the z b -plane. A multiplier k t then quadratically scales an additional tilt component up to a value of c t when the misalignment angle φ goes to zero. Bias tilt directions b i alternate for neighboring tilt-arms. The modified tilt angleα i can be expressed as
The resulting condition number envelope for the modified allocation matrix A α (α) is significantly reduced in the singularity cases, as seen when comparing Figure 2 (b) and (c), where the scale of (c) is magnified for a better view of the new condition number envelope. Figure 3 (b) shows a visual interpretation of the thresholding approach described above, with the quadratic tilt bias multiplier k t shown in Figure 3 (c).
The second singularity case is when the force aligns with an arm axis, causing a kinematic singularity where the associated thrusters cannot contribute to the desired force. Since tilt angle dynamic limitations are not considered in the allocation, when the desired force crosses this axis directly, it results in an angular velocity that approaches infinity as the time step goes to zero. To expose the tilt motor angular velocities and evaluate this singularity condition, the allocation is taken to a derivative level, as proposed by Ryll et al. To do this, tilt angle velocities are first expressed in the body wrench expression by including a structural null matrix:
Now, the differential of A α (α) may be expressed by expanding the terms as
∂α Ω iα and expressing the time derivative of (7) in the body frame as
From expression (8) it is clear that the system experiences a singular condition in the tilt angle velocities when an Ω i term is zero, which occurs when the force and torque capabilities of the given propeller unit cannot contribute to the desired wrench. This corresponds with a case where the desired force and torque vectors align with the propeller group x pi -axis. An approach commonly used in robot manipulators can be invoked to reduce this issue, by instead using the damped pseudo-inverse of the allocation matrix [11] . This approach, however, requires the inversion of a 6x6 matrix in real time, which currently due to high use of CPU and memory make it a poor choice for use on a micro-controller. Taking inspiration from this approach, a solution that approximates a damping effect is derived, requiring significantly less computational power.
When the angle between the desired force vector comes within the damping threshold angle ϕ d of an arm axis, the tilt-angle speeds associated with that axis are quadratically scaled to zero by multiplier k α,i . As the alignment angle η i approaches a zero threshold, ϕ 0 , the tilt angle freezes in position. A visual interpretation of the alignment geometry is shown in Figure 3 (a), with multiplier curves depicted in Figure 3 (c). The change in α i can then be expressed as follows:
This approach is justified due to the fact that at small angles of alignment deviation, the force contribution of the thrusters in question is negligible when compared to the remaining thrust contributions, and the error can be treated as a disturbance. When the new angles are computed based on these values, and limited according toα max , the rotor speeds are then calculated as in (6) . A force from the limited propeller group exists only if the thrust axis can be projected as a positive component onto the desired force vector.
Since the contribution of propeller groups in the tilt-angle singularity region is so small, one can take advantage of this situation to address another issue of the physical system, notably the windup of cables around an axis. As the tilt velocity is ramped down, it is balanced with an unwinding velocity ω u , that is calculated based on a maximum unwinding rate and direction to the zero position, resulting the new tilt angle change δα * i = δα i − sign(α i )k α,i ω u δt.
Experimental Results
The presented results are derived from flight tests in an indoor space, using a VICON external camera system for state estimation. Parameter values used for the experiments are shown in Table 1 . Omnidirectional flight: To validate the controller, three trajectories were tested to demonstrate decoupling of the force and torque. Tracking results are shown in Figure 4 . The first two trajectories demonstrate the decoupled translation and rotation of the system, and the third trajectory is a 360 • flip about the y b -axis.
The system is able to track these trajectories with position errors below 5 cm and attitude errors below 4 • .
Robustness to singular configuration: In order to demonstrate robustness to the singularity cases presented above, two additional trajectory tracking experiments have been conducted, with results shown in Figure 5 . The first trajectory rotates the vehicle such that one arm is aligned with gravity, then tracks a translation trajectory. The second trajectory moves the vehicle to 90 • pitch, then completes a 360 • rotation about the body frame z-axis. In both cases which pass through known singularity regions, experimental results confirm stable tracking of the desired trajectory. Efficiency Evaluation: Efficiency is defined here in terms of relative power consumption, and evaluated relative to the best case power consumption p h of horizontal hover, η P = v total Σ 12 i=1 ii p h ∈ [0, 1]. A wasted force index is also computed, as proposed in [8] , η f = F b Σ 12 i=1 fi ∈ [0, 1], where f i are the thrust values for each rotor. Estimated total power, power efficiency and wasted force for each hover configuration are shown in Figure 6 , projected onto the force envelope. Below the theoretical envelopes, measured values from experimental results are displayed, using measured PWM-to-current correlation and flight-test voltage logs to find the power consumed. Experimental results agree well with the ranges predicted on the theoretical envelopes, showing that efficient flight configurations are achieved in specific orientations, while the system remains pose-omnidirectional with varying degrees of efficiency.
Conclusion
Results presented in this paper demonstrate that although actuated tilting rotor units have added complexity and weight compared to other fully actuated MAVs, the additional weight can be justified by improved hover efficiency of the platform in particular configurations, and additional complexity by the reliability of the prototype system, VoliroX.
As a result of the assumption that rotor thrust and drag torques are independent, any airflow interference between rotor groups is treated as an unknown external disturbance to be rejected. This is a reasonable assumption for some but not all body orientations, such as when flying the cartwheel maneuver, where lower rotors are affected by airflow form those above. As a result there is some loss in tracking performance, solutions to which are being developed in ongoing work. Moving to more dynamic flight trajectories, Further techniques for singularity avoidance will be investigated, and additional benefits that can be yielded from an overactuated system.
